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The synthesis of nanoparticles with unique atomic composition and 
structure can guide their promising physicochemical properties, which foster 
their use in various applications. As the targeted products of the nanomaterial 
synthesis are becoming more complicated, a clear understanding of the 
overall synthetic process is prerequisite for boosting the efficient synthesis 
and thereby performance of the products. The mechanistic approaches on the 
nanoparticle synthesis elucidate that distinct nonclassical nucleation and 
growth models are required to explain the formation of nanoparticles. In 
addition, nanoclusters observed while studying in detail the nanoparticles’ 
synthesis can connect the missing-link between metal ligand complexes and 
ii 
nanoparticles. The current thesis focuses on the characterization and 
molecular-level understandings of the synthesis of nanoparticles and 
nanoclusters.  
First, the synthesis of iron oxide nanoparticles is delicately controlled by 
limiting thermal decomposition and studied in detail by introducing a 
combinatorial analysis technique. Molecular-level understandings on the 
synthesis are successfully achieved from the starting materials to 
nanoparticles. The widely used precursor, iron-oleate complex, is shown to 
have a trinuclear-oxo cluster structure, and it can be continuously grown into 
sub-nanometer iron-oxo clusters followed by iron oxide nanoparticles 
without having a distinct nucleation stage. Such an atom-level growth is 
observed because of the following two effects. First, the ligand stabilization 
on the metal-oxo core is amplified under the limited thermal decomposition 
condition. Second, nonhydrolytic sol-gel like condensation is controlled at 
low temperature. Considering the analogy of various metal oxide 
nanoparticles synthesis, the continuous growth process shown in this work 
can provide new insights into the formation mechanism of other metal oxide 
nanoparticles. 
Second, non-noble metal doped metal nanoclusters, which has been 
challenging to obtain non-gold noble metal nanoclusters, are successfully 
synthesized by introducing assisting ligands. Particularly, cadmium-doped 
silver nanoclusters (Cd12Ag32(SePh)36) are synthesized with the aid of 
iii 
phosphines in the reaction. This cluster is characterized to have unique 
absorption and near-infrared photoluminescence features. Its X-ray single 
crystal structure reveals an asymmetric Ag4@Ag24 metal core structure 
covered by four Cd3Ag(SePh)9 surface motifs. The electronic structure of 
nanoclusters is also studied by “super-atom” theory and time-dependent 
density functional theory calculations. The Cd12Ag32(SePh)36 is a 20-electron 
superatom and its theoretical chiral optical response is comparable to that of 
the well-known Au38(SR)24 cluster. Ligand-assisted synthesis of nanoclusters 
may pave the way for introducing other active metals into noble metal clusters. 
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Chapter 1. Introduction to Inorganic Nanoclusters: 
Between Molecule and Nanoparticle 
 
1.1 Introduction 
Nanoscience has gained a wide range of interests in the past several 
decades as nano-sized materials show distinct physical and chemical 
properties compare to bulk counterparts. The importance of size dependent 
properties has promoted the advance of the synthetic methods to control size 
and monodispersity. However, until now, nanomaterial synthesis is frequently 
achieved by empirical trial-and-error approaches without sufficient 
fundamental understandings. As the targeted products of the nanomaterial 
synthesis are becoming more complicated, the clear understanding on the 
overall synthesis process is a prerequisite for boosting the efficiency to 
optimize the synthesis and improve the performance of the products.  
In the controlled nanoparticle synthesis, intermediate species which have 
tens to hundreds of atoms, so called nanoclusters, are successfully observed 
between the transition from molecular precursors to nanoparticles. 
Nanoclusters whose size are in between molecules and nanoparticles have 
succeeded subsequent interests of nanomaterial scientists, as nanoparticles 
whose size are in between molecules and bulk solids drew attentions 
 
2 
according to their novel properties. 
This chapter will introduce the research background on the inorganic 
nanoclusters. Firstly, fundamentals regarding the nanoparticle formation and 
growth control are presented. This is classical nucleation and growth model 
succeeded from 1940’s colloidal chemistry. Mechanism studies on various 
nanoparticle synthesis are subsequently summarized with introduction of 
nanoclusters observed in the nonclassical nucleation and growth pathway. 
Nanoclusters, which can be observed during the mechanism studies on 
several nanoparticle syntheses or achieved in precise chemical formula by 
particular synthetic approaches, are briefly introduced including noble-metal, 
metal chalcogenide, and metal oxide. Overviews on this dissertation is 




1.2 Fundamentals on the synthesis of inorganic nanoparticles 
1.2.1 Classical nucleation and growth model 
The formation mechanism of monodisperse nanoparticles has been 
explained by the classical theory based on burst nucleation and separated 
growth mechanism, in which nucleation occurs rapidly after the injection of 
precursors, and then growth occurs separately.[1] 
Synthesis of monodisperse nanoparticles is achieved by various synthetic 
protocols, such as reduction, thermal decomposition, and nonhydrolytic sol-
gel process. Although a chemical nature of synthesis is diversified, scientists 
endeavor to understand a variety of synthesis process by their analogous 
characteristics. The colloidal synthesis of nanoparticles can be generally 
described by three steps: monomer formation, nucleation, and growth. 
Notably, three-step mechanism is analogous to LaMer model explained the 
formation of monodisperse hydrosol with micrometer size (Fig. 1.1). 
For the growth of nanoparticles in solution, seed substance is necessary so 
that the crystallization can be followed at the surface between the seeds and 
the solution. These seeds initializing particle formation are called nuclei and 
the formation of them is nucleation. Nuclei can be either generated in the 
reaction media or introduced externally. The former one, a homogeneous 
nucleation process, is widely accepted concept to understand colloidal 
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synthesis of nanoparticles by two representative methods: hot-injection and 
heat-up process. The latter one is a heterogeneous nucleation process and 
occurs in the synthesis of nanomaterials which grow based on nano-sized 
seeds or surfaces. 
Ideally, homogeneous nucleation can occur at once and nuclei can be 
grown into uniform-sized particles (Fig. 1.2b). However, in practical reaction 
condition, nuclei are generated within a distinct period, rather than at once. 
As a result, the size and number increase of produced nanoparticles 
unavoidably coincide with the broadened size distribution in that the size 
distribution shows maximum at the end of the nucleation period (Fig. 1.2a). 
Accordingly, to produce monodisperse nanoparticles, the nucleation step 
must be quickly terminated and separated from the growth step. High 
supersaturation, which can be achieved by the accumulation of monomers 
before nucleation, is required to advance a homogeneous and immediate 
nucleation process. The nucleation begins when supersaturation level 
overtakes a critical concentration (minimum concentration for homogeneous 
nucleation, Ccrit in Fig. 1.1). The dramatic consumption of monomers, 
induced by the nucleation and following growth, abruptly decreases the 
concentration level and limits the additional nucleation events. Such a quick 




During the growth process after nucleation period, precipitation and 
dissolution of solute (precursor or monomer) occurs competitively on the 
particle surface and they determine the growth rate of each particle. If the 
increase rate of the particle volume is equal to the diffusion rate of the solute 
from the solution to the particle (diffusion-controlled growth model), the 
growth rate of the particles decreases when the size of particles increases.[3] 
As a result, the distribution of particles is decreased as the faster growth rate 
of smaller particles induce the them to be reached to the size of larger ones. 
This effect is called “size focusing” (Fig. 1.2c).[4]  
As time advances, the solute concentration is diminished in the solution 
that the concentration is much lower that the solubility. In this condition, the 
particles can be redissolved into the solution. Based on Gibbs-Thompson 
relation, the chemical potential of particles decreases with the increase of size. 
In other words, larger particles are more stable than smaller particles. 
Whereas smaller particles with higher chemical potential are dissolved into 
the solution, larger particles with lower chemical potential grows with slow 
rate. This is called “Ostwald ripening”. As a result of Ostwald ripening, the 
particle concentration and solute concentration in the solution decreases, but 
the average and the standard deviation of the size of particles slowly increases 





Figure 1.1 The LaMer diagram explaining the formation process of 
monodisperse particles. Here, C∞ and Ccrit denote the equilibrium 
concentration and critical concentration. The regions I, II, and III refers to the 
prenucleation, nucleation, and growth stage. (from Ref. [10], J. Colloid 





Figure 1.2 (a,b) Schematics of the crystallization reaction for two distinct 
cases in which homogeneous nucleation occurs (a) randomly or (b) 
simultaneously. (c) The change of the number of particles and size 
distribution during homogeneous nucleation and growth process. (from Ref. 





Figure 1.3 Schematics of chemical potential related to the size of particles. 
Three different sized particles are presented for examples as shown in black 
circles. Here, μb and μ(r) refer the chemical potentials of the monomers in the 





1.2.2 Comparison among classical nucleation, spinodal decomposition, 
and nonclassical nucleation based on thermodynamics 
There are three different scenario of the nucleation in the solution: classical 
nucleation, spinodal decomposition, and nonclassical nucleation.[11] (Fig. 1.4) 
In the classical nucleation theory, high thermodynamic energy barrier exists 
as a huddle for homogeneous nucleation because of high surface-to-volume 
ratio of the nucleus. Thermodynamics of the homogeneous nucleation can be 
expressed as a function of a radius of nucleus regarding the competition 
between the surface energy and the bulk free energy. The free energy change 
of homogeneous nucleation is written as 
ΔGhomo(r) = 4πr
2γ + 4/3πr3ΔGv 
where r is the radius of the spherical nucleus, γ is the surface energy per 
area, and ΔGv is the bulk energy per volume. It should be noted that γ and ΔGv 
are constant in the classical model. A critical radius, r* = –2γ/ΔGv, can be 
derived if the condition d[ΔGhomo(r)]/dr = 0, is fulfilled. The nuclei with the 
size larger than the critical radius can grow into larger particles, whereas the 
smaller counterparts will redissolve into the solution. Notably, this energy 
barrier limits the random formation and growth of particles, rather induces 
the burst of nucleation in highly supersaturated solution. Alternately, the most 
distinct character of spinodal decomposition is an absence of free energy 
barrier. In this model, the destabilizing effect of the surface energy of the 
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nuclei is negligible that a phase separation occurs spontaneously under 
spinodal decomposition.  
Then, how about nonclassical nucleation? Energetics of nonclassical 
nucleation can be described in between them of classical nucleation with high 
energy barrier and spinodal decomposition without energy barrier. Moreover, 
γ and ΔGv are not constant according to the size change of particles. Unique 
conditions of nonclassical nucleation lead the intermediates structures to be 
stabilized. These findings imply nonclassical pathway would be more 
energetically favorable than classical counterparts by lowering the energy 





Figure 1.4 Comparison among classical nucleation, spinodal decomposition, 
and nonclassical nucleation based on thermodynamics. (from Ref. [11], Nat. 




1.3 Synthesis and mechanism studies on the synthesis of 
nanoparticles and nanoclusters 
Whereas the interests on the monodispersity of nanoparticles guide the 
fundamental understandings on the nanoparticle synthesis to be correlated 
with the classic theory of colloidal chemistry, subsequent interests on the 
nonclassical phenomena, which are unique in nanochemistry, are recently 
enhancing owing to advanced characterization technologies. Nonclassical 
nucleation and growth, which demonstrates new features of nucleation and 
growth within the nanometer scales, has been accepted as independent 
theories since last two decades.[11-16] Energetically metastable products, so 
called “nanoclusters”, are emerged during the synthesis of nanoparticles from 
molecular precursors to nanoparticles, and the intermediates can be 
aggregated into larger sized nanoparticles. Nowadays, these nanoclusters are 
attracting rising interests of material scientists and engineers, because the 
clusters are composed of more atoms than molecules, but less atoms than 
nano-sized materials. 
 
1.3.1 Noble metals 
The synthesis of gold nanoparticles, the most representative noble metal 
nanoparticles, is first developed in 1951 by Turkevich et al. using citrate as 
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both reductant and stabilizing ligands in aqueous media (Figure 1.5a).[17] In 
1994, a breakthrough on the synthesis of Au NPs is reported by Brust and 
Schriffin by introducing biphasic system.[18-19] Gold precursors are transferred 
to the organic solvent by tetraoctylammonium bromide and transferred 
precursors are reduced by sodium borohydride and stabilized with the aid of 
alkanethiolate (Fig. 1.5b). Whereas the product of Turkevich method has the 
size of 10 to 100 nm, the product of Brust method have distinctly smaller size 
of 1.5 to 3.5 nm. Interestingly, localized surface plasmonic resonance of 
nanosized Au NPs phased out for NPs smaller than two nanometers, rather 
they show characteristic absorption by their unique core-ligand structure.[20-
22] Subsequently, NPs less than two nanometers are separated by 
polyacrylamide gel electrophoresis (PAGE) and characterized as nanoclusters 
which have distinct number of gold and ligand (i.e. Aux(SR)y).
[23-24] After that, 
various kinds of gold nanoclusters with different size and ligands are 
synthesized and precisely characterized with single-crystal x-ray diffraction 
crystallography (Fig. 1.6).[25-30] 
Recent mechanism studies showing discrete number of gold atoms during 
the synthesis refer the nonclassical nucleation and growth as a universal 
concept in gold nanoparticle synthesis.[31-36] Kinetic control on the growth by 
controlling precursor-to-ligand ratio shows that gold nanoclusters or gold 
complexes are metastable intermediates between the precursor and 
nanoparticles in the synthesis of gold nanoparticles (Fig. 1.7).[23, 34] Moreover, 
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interesting structural evolution from molecules to crystalline nanoparticles 
are reported for better understanding the crystallization process.[33] The 
transition of gold nanoclusters from a non-fcc to a fcc structure is in the size 
range from Au144 to Au187 (Fig. 1.8).  
For silver, monolayer protected clusters are successfully synthesized and 
characterized to have distinct absorption and photoluminescence (Fig 1.9).[37-
53] Although silver and gold are in the same group, silver nanoclusters are 
shown to have more complicated surface structure than gold counterparts. 
Compare to the oligomeric Aun(SR)n+1 staple motifs frequently observed in 
gold nanoclusters, Ag and SR can compose three-dimensional surface motifs, 
as each silver atom can bind up to three –SR groups and each –SR also bind 
to three Ag atoms. For example, the surface of [Ag44(SR)30]
4- nanocluster is 
protected by a Ag2(SR)5 “mount” motif with four anchoring S atoms (Fig. 
1.9a).[45-46] 
Moreover, R. G. Finke et al. reported the synthesis of iridium nanoclusters 
under hydrogen reduction condition with mechanistic studies showing Finke-
Watzky 2-step mechanism, slow, continuous nucleation and fast autocatalytic 
growth (Fig. 1.10a).[12] The autocatalytic growth mechanism is extended to 4-





Figure 1.5 Overview of the gold nanoparticle synthesis by (a) Turkevich 
method and (b) Brust-Schiffrin method. ((a) from Ref. [56], ACS Nano 2010, 





Figure 1.6 Crystal structure of the representative gold nanoclusters. (a) 
Au25(SR)18, (b) Au36(SR)24, (c) Au28(SR)20, (d) Au24(SR)20, (e) Au30S(SR)18 
and (f) Au133(SR)52. ((a) from Ref. [25], J. Am. Chem. Soc. 2008, 130, 5883-
5885., (b) from Ref. [26], Angew. Chem. Int. Ed. Engl. 2012, 51, 13114-
13118., (c) from Ref. [27], J. Am. Chem. Soc. 2013, 135, 10011-10013., (d) 
from Ref. [28], Nanoscale 2014, 6, 6458-6462., (e) from Ref. [29], J. Am. 
Chem. Soc. 2014, 136, 5000-5005., and (f) from Ref. [30], J. Am. Chem. Soc. 






Figure 1.7 A plot of the chemical composition between gold atoms and 
glutathione ligands. The closed and open dots represent the most dominant 
and minor species observed in the mass spectrum. It should be noted that the 
size of these clusters are between the gold molecules such as sodium 
aurothiomalate and the plasmonic gold nanoparticles. (from Ref. [23], J. Am. 





Figure 1.8 Size-dependent absorption of gold nanoclusters. Whereas the 
clusters with hundreds of gold atoms show bulk-like plasmonic absorption, 
smaller clusters show molecule-like characteristic absorption. (from Ref. [11], 





Figure 1.9 Crystal structure of the representative silver nanoclusters. (a) 
[Ag44(SR)30]
4- and (b) [Ag25(SR)18]
-. ((a) from Ref. [45], Nature 2013, 501, 





Figure 1.10 Suggested synthesis mechanism of metal nanoclusters by R. G. 
Finke et al. (a) 2-step Finke-Watzky mechanism and (b) 4-step Finke-Watzky 
mechanism. ((a) from Ref. [12], J. Am. Chem. Soc. 1997, 119, 10382-10400., 




1.3.2 Metal chalcogenides 
Since the synthesis of highly monodisperse II-VI metal chalcogenide QD 
was reported,[58] the mechanistic understandings on the synthesis are 
subsequently studied by optical characterization such as UV-Vis and PL.[8, 59-
65] Several factors including ligands stabilizing the metal precursor and 
impurities in the chalcogenide source are pointed out as critical causes at the 
nucleation stage.[59, 64] Notably, the synthesis of CdSe QD is shown to follow 
nonclassical nucleation and growth pathway by several detailed studies (Fig. 
1.11).[60-62, 66-69] CdSe nanoclusters of discrete sizes with a motif of a bulk 
structure have been successfully observed and synthesized by several 
groups.[70-73] For example, certain numbered clusters, (CdSe)n (n = 13, 19, 33, 
34) can be distinctly captured in the mild temperature condition (Fig. 1.12) 
[73] and single crystallized nanoclusters with mixed motif of zinc blende and 
wurtzite or single zinc blende motif are also synthesized.[72] These clusters 
are all shown to act as bulk semiconductor in that they follows Varshni’s 
law,[74] which correlates size-dependent band gap energy and the temperature 
(Fig. 1.13).[72, 75] Interestingly, these CdSe nanoclusters do not always grow 
into smaller ones to larger ones. At the early stage of the synthesis of CdSe 
nanoribbon, (CdSe)34 nanoclusters are observed before the formation of 
smaller (CdSe)13 nanoclusters (Fig. 1.11b).
[75-77] This result implies that the 
thermodynamics of the nanoparticle formation is much more complicated 
than those of the classical model.  
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Recently, the synthesis of magic-sized metal chalcogenide nanoclusters is 
extended to other semiconductor nanoclusters.[67, 78-80] Especially, overall 
growth process from indium and phosphine source to InP nanoclusters and 
nanoparticles is successfully examined by consistent results of mass 





Figure 1.11 (a) Time-dependent UV-Vis absorption spectra observed during 
the synthesis of CdSe nanoparticles. Vertical lines show the absorbance of the 
discrete magic-sized CdSe clusters, (b) UV-Vis absorption spectra observed 
during the synthesis of CdSe nanoribbons. (from Ref. [11], Nat. Rev. Mater. 





Figure 1.12 Mass spectra of ultrastable magic-sized CdSe, CdS, and ZnS 






Figure 1.13 Size dependence of the bandgap energy of CdSe nanoparticles 
and nanoclusters. The structures of the clusters are presented in the inset and 
their bandgap energies are shown as grey dots. Here, empirical fit 1 is 
calculated for data points of both nanoparticles and nanoclusters, but 






Figure 1.14 (A) UV-Vis absorption spectra observed during the synthesis of 
InP nanoparticles. (B,C) (B) Low mass and (C) High mass spectra observed 
during the synthesis of InP nanoparticles. Discrete size distribution, which 
refers to the nonclassical phenomena, is observed by mass spectra. (from Ref. 




1.3.3 Metal oxides 
As many kinds of syntheses can guide the formation of metal oxide 
nanoparticles, here we are focused on the most representative pathways, heat-
up method, which can lead high monodispersity in facile one-pot reaction.[81] 
Compare to the hot-injection method, which induce the nucleation by rapid 
supplement and cooling for supersaturation of monomers, the heat-up process 
can easily control the temperature condition which is critical for the 
decomposition of precursor. On account of consistent results of the 
experiment and theoretical simulation, the heat-up synthesis of the 
monodisperse nanoparticles is successfully explained as the gradual 
accumulation of the precursors can induce the burst nucleation and further 
separated growth without nucleation at aging period.[82] 
However, the formation mechanisms of metal oxide nanoparticles have not 
been clearly demonstrated because of complicated and rapid reaction 
condition and lack of characterization tools for elucidating sub-nanometer 
sized intermediates. As introduced in previous parts, several detailed studies 
of the formation of the noble metal or metal chalcogenide nanomaterials have 
been performed using optical characterization methods,[31, 63-64] but the 
techniques are not easy to adopt to metal oxide nanoparticles which have no 
characteristic absorption spectrum. Some recent results show nonclassical 
nucleation and growth mechanism of the metal oxide nanoparticle synthesis 
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by using MALDI-TOF MS and in situ total scattering (Fig. 1.15 and 1.16).[15, 
83] Those results show intermediate structure of metal-oxo clusters in common.  
Here, we should note the metal-oxo clusters shown in the metal oxide 
synthesis, because the synthesis of metal-oxo clusters are dated back to 1980s 
as an independent area of inorganic chemistry.[84-92] Many kinds of metal-oxo 
complexes or clusters have been synthesized and characterized for basic 
scientific purpose and potential applications such as molecular magnet.[93] 
(Fig. 1.17) These studies provide detailed crystallographic and spectroscopic 
information of the crystals. Nowadays, many metal-oxo clusters whose 
structure is similar to metal oxide solids were found in polyoxometalates.[94-
96] These polyoxometalate clusters usually consist of transition metal cations 






[100] and Preyssler (P5W30O110)
[101] clusters (Fig. 1.18). Whereas 
the metal-oxo clusters are similarly acquired from totally different origins, 
such as geology[102-103] or biology[104-105], the interdisciplinary of the metal-





Figure 1.15 (a,b) Combinatorial growth mechanism studies on extremely 
small iron oxide nanoparticle synthesis showing nonclassical nucleation and 
growth process by using (a) mass spectrometry and (b) transmission electron 
microscopy. (c) Suggested reaction mechanism of extremely small iron oxide 





Figure 1.16 (a) Contour plot of the low r-range pair distribution functions 
(PDFs) during the maghemite nanoparticle formation from 4 M ammonium 
iron(III) citrate solutions in hydrothermal condition at 320 oC and 250 bar. 
The dotted lines refer to the evolution of the new distinct Fe-Fe peaks. (b) 
Selected PDFs from the initial stages. (c) Structure observed in the low r-
range at the early stage. Octahedrally coordinated iron (yellow polyhedron) 
and tetrahedrally coordinated iron (pink polyhedron) are coordinated by 






Figure 1.17 Crystal structure of the representative metal-oxo clusters having 
(a) Fe2O2 core, (b) Fe3O core, (c) Fe4O2 core, (d) Fe5O2 core, (e) Fe6O2(OH)2 
core, (f) Fe8O4 core, (g) Fe10O10 core, (h) Fe12O2 core and (i) Fe19 core. ((a) 
and (i) from Ref. [85], J. Am. Chem. Soc. 1995, 117, 2491-2502., (b) from 
Ref. [84], J. Am. Chem. Soc. 1984, 106, 7984-7985., (c) from Ref. [91], 
Inorganica Chim. Acta 2004, 357, 1345-1354., (d) from [90], Inorg. Chem. 
2008, 47, 3318-3327., (e) from Ref. [87], Inorg. Chem. 1988, 27, 3067-3069., 
(f) from Ref. [89], Inorg. Chem. 2008, 47, 11734-11737., (g) from Ref. [92] 
J. Am. Chem. Soc. 1990, 112, 9629-9630., and (h) from Ref. [88], Science 





Figure 1.18 Polyhedral representation of some polyoxometalates. (a) 
Lindqvist, (b) Anderson, (c) Keggin, (d) Wells–Dawson and (e) Preyssler 
polyoxometallates. The blue octahedrons indicate the metal oxide core. (from 




1.4 Dissertation overview 
As referred in the introduction, understandings of the formation mechanism 
of nanoparticles are extremely essential not only for basic scientific research 
purpose, but also for controlled synthesis for further applications. Along with 
the advance of technologies, mechanistic approaches on the nanoparticle 
synthesis show that distinctive nonclassical models are needed to explain 
overall reaction pathway. Nanoclusters observed in the detailed studies can 
connect the missing-link between molecules and nanoparticles. The studies 
on the nanoclusters are gradually increasing as they can act as distinctive 
molecules. The current thesis focuses on the characterization and molecular-
level understandings on the nanoparticle and nanocluster synthesis. Overall 
studies are correlated to the effect of ligands on the inorganic core. By 
controlling the reaction condition, the synthesis of iron oxide nanoparticles 
can be studied in detail and the phenomena at the early stage are successfully 
demonstrated. Moreover, the synthesis of doped noble metal nanoclusters is 
expanded to non-noble metal dopant by introducing assisting ligands.  
This dissertation consists of two topics related to nanoclusters. In the first 
part (Chapter 2), the synthesis of iron oxide nanoparticles is delicately 
controlled by limiting thermal decomposition and studied in detail by 
introducing combinatorial analysis technique, such as MALDI-TOF MS, 
NMR, absorption spectroscopies, TEM, DFT calculation and in situ X-ray 
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scattering. Molecular-level understandings on the synthesis are successfully 
done from the starting materials to nanoparticles. As a result, widely used 
precursor, iron-oleate complex, is shown to have trinuclear-oxo cluster 
structure, and it can be continuously grown into sub-nanometer iron-oxo 
clusters and iron oxide nanoparticles without showing distinct nucleation 
stage. Atom-level growth can be proceeded, because the ligand stabilizing 
effect on the metal-oxo core is amplified in the thermal decomposition limited 
condition and further nonhydrolytic sol-gel like condensation is also limited 
at low temperature condition. On account of the analogy of various metal 
oxide nanoparticle synthesis, the continuous growth process shown in this 
work suggests insightful information on the formation mechanism of various 
other metal oxide nanoparticles. 
The second part (Chapter 3) describes non-noble metal doping to metal 
nanoclusters, which has been still challenging for non-gold noble metal 
nanoclusters. Cadmium-doped silver nanoclusters (Cd12Ag32(SePh)36) are 
successfully synthesized with the aid of phosphines to the reaction and 
characterized to have unique absorbance and near-infrared (NIR) 
photoluminescence. X-ray single crystallography uncovers the structure of 
cadmium-doped silver nanoclusters to have asymmetric Ag4@Ag24 metal 
core structure and four Cd3Ag(SePh)9 surface motifs. The electronic structure 
of nanoclusters is revealed by “super-atom” theory and time-dependent 
density functional theory (TD-DFT) calculation. Cd12Ag32(SePh)36 is a 20-
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electron superatom and its theoretical chiral optical response is comparable 
to that of the well-known Au38(SR)24 cluster. Ligand-assisted synthesis of 
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Chapter 2. Molecular-Level Understanding of 
Continuous Growth from Iron-Oxo Clusters to Iron 
Oxide Nanoparticles 
** Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 7037–7045. 
Copyright 2019 American Chemical Society. 
2.1 Introduction 
 
The formation mechanism of inorganic colloidal nanoparticles has been 
generally understood by classical colloid chemistry based on nucleation and 
growth processes. The thermodynamic aspects of nucleation, the generation 
of small solid-phase crystals from the assembly of minimal binding units 
(monomers)[1-3], are important for regulating the entire nanoparticle formation 
process. The free energy of nuclei can be estimated as the sum of surface and 
bulk free energies.[3] Owing to the strong dependency of surface energy on 
size, a critical size exists below which dissolution of thermodynamically 
unstable particulates occurs. To overcome the thermodynamic energy barrier 
to nucleation, the monomer concentration needs to exceed the supersaturation 
level, whereby a significant number of monomers form stable nuclei. During 
homogeneous nucleation process to synthesize nanoparticles, supersaturation 
of monomers can be induced by various methods including rapid injection of 
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precursors into a hot surfactant solution, and gradual ‘heating-up’ of the 
reaction mixture, and conversion of the precursors into monomers with 
reduced solubility.[4-9] Recent studies reveal that monomers with different 
chemical states, such as small molecular species and clusters containing a few 
metal atoms or ions,[10-14] participate in the formation of colloidal 
nanoparticles. In the subsequent growth regime, nuclei grow into 
nanoparticles via monomer attachment or coalescence events between the 
particles.[12,15-17] The surface energy of the growing nanoparticles controls not 
only the growth rate, but also their resulting sizes and morphologies.[18] 
Various experimental approaches have been employed to understand the 
formation mechanisms of nanoparticles.[5,6,19-27] These are mostly focused on 
semiconductor nanoparticles as can be easily tracked with their size-specific 
optical properties. The formation of the nanoparticles is generally controlled 
by dynamic fluctuations between the growing nanoparticles and surface 
ligands, which bind to both molecular precursors and monomers.[6,28-31] The 
strength of the binding moieties affects important stages during the growth of 
nanoparticles. For example, weakly binding moieties, such as CdSe-amine 
bonding, are susceptible to fast decomposition of the molecular precursors to 
generate a burst of nuclei.[28-31] In the opposite case, in the presence of 
strongly binding moieties, such as CdSe-phosphonate bonding, the rate of 
nucleation is reduced by delaying the precursor decomposition.[6] In addition, 
the reactivity of the chalcogenide source and the reaction temperature 
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concurrently influence the regulation of the growth rate. Important roles of 
intermediates during the growth from precursors to nanoparticles have also 
been observed in several systems of metal chalcogenide nanoparticles.[32-34] 
The formation mechanism of metal oxide nanoparticles can be inherently 
different from that of metal chalcogenides due to several unique chemical 
aspects of their synthesis process. During a typical synthesis of metal oxide 
nanoparticles, molecular precursors include metal-carboxylate moieties and 
the carboxylate group stays on the surface of the nanoparticles throughout the 
process. The carboxylate binding moieties include oxygen atoms and 
normally acts as an oxygen source during the formation of the metal oxide 
nanoparticles. Based on the hard soft acid base theory, carboxylates are hard 
base. As a result, they can strongly coordinate hard metal ions, such as Fe3+, 
on the surface of the metal oxide nanoparticles.[35] However, when the 
carboxylate ligands on the surface of precursors or nanoparticles are 
eliminated by thermal decomposition or chemical reaction, the reactive 
hydroxyl groups or radicals are temporarily retained on the metal ions. 
Chemical reactions between them can induce direct interactions between 
nanoparticles and frequently promote the growth of metal oxide 
nanoparticles.[5,36-39] Such unique thermodynamic characteristics of 
carboxylate moieties and their mechanistic behaviors imply that they may 
strongly control the formation of metal oxide nanoparticles from the initial 
transition of molecular precursors to small particulates and to the growth into 
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large nanoparticles. In this case, the size of the particles in the range below 
the critical nucleus size where intermediate species are thermodynamically 
unstable, typically observed in the formation of other types of nanoparticles, 
can become narrow, or even absent.  
Herein, we used various characterization methods including matrix-
assisted laser desorption ionization time-of-flight mass spectrometry 
(MALDI-TOF MS), nuclear magnetic resonance (NMR) spectroscopy, 
transmission electron microscopy (TEM), and in situ X-ray scattering to study 
the entire formation process of iron oxide nanoparticles. We confirmed that 
iron-oleate complexes, the representative precursors of iron oxide 
nanoparticles,[40] have a cluster structure containing tri-iron-oxo-carboxylate 
(Figure 2.1a,b). More importantly, we reveal that the entire process is 
continuous without any discrete nucleation event (Figure 2.1 c,d), while the 
growth from tri-iron-oxo clusters to larger-sized iron-oxo clusters and 
eventually to iron oxide nanoparticles is driven by esterification of ligand 
moieties. Our findings provide new insights regarding the importance of 






Figure 2.1 Structure of iron-oleate complex and continuous growth of iron-
oxo clusters. (a) Computed trinuclear-oxo-carboxylate structure of iron-oleate 
complex ([Fe3O(C18H33O2)6]
+). (b) Core structure of iron-oleate complex. (c) 
Proposed reaction mechanism of continuous growth induced by esterification. 
(d) Schematic of continuous growth proposed in this paper and that of discrete 
nucleation and growth. Compared to discrete nucleation and growth, 






Chemicals. Iron chloride hexahydrate (98%), 1-decanol, 3-aminoquinone, 
insulin, and cytochrome C were purchased from Sigma-Aldrich. Sodium 
oleate (95%) was purchased from TCI. Ethanol, n-hexane, chloroform 
(CHCl3), and n-pentane were purchased from Samchum Chem. Peptide Y5R 
was purchased from Peptron (Daejeon, Korea). 
 
Synthesis of iron-oxo-oleate complex. Iron-oxo-oleate complex was 
synthesized based on the previously reported method.[40] Notably, the reaction 
for the formation of the iron-oxo-oleate complex is not air sensitive (Figure 
2.2). Iron chloride hexahydrate (10.8 g, 40 mmol) and sodium oleate (36.5 g, 
120 mmol) were stirred in a mixture of 140 mL hexane, 80 mL ethanol, and 
60 mL deionized water for 4 h at 50 °C. The ratio of solvents in a reaction 
mixture is optimized for clear phase separation.[41] After the completion of the 
reaction, the hexane phase was separated using a separation funnel and 
washed with deionized water three times. Finally, hexane was evaporated 
under vacuum in overnight.  
 
Synthesis of iron-oxo clusters. Iron-oxo clusters were synthesized by 
esterification between the iron-oxo-oleate complex and a primary alcohol. 
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First, iron-oxo-oleate complex (1.9 g, 1 mmol) and 1-decanol (10.0 g) were 
mixed and degassed at room temperature. The mixture was heated to an aging 
temperature (100 °C to 200 °C) at a heating rate of 3.3 °C/min, and then held 
at that temperature for 24 h under an inert atmosphere. After the reaction was 
complete, the solution was rapidly cooled and centrifuged with ethanol to 
decant unreacted reactants and by-products. The final product was dispersed 
in non-polar solvents such as hexane or chloroform. 
 
Mass characterization. Mass characterization was performed using a home-
built MALDI-TOF instrument. It was calibrated using calibrants, 3-
aminoquinone (Mw = 144.17 Da), Y5R peptide (Mw = 990.08 Da), insulin (Mw 
= 5735.6087 Da), and cytochrome C (Mw = 12361.97 Da), and the matrix 9-
nitroanthracene (0.1 M in chloroform). The analyte and matrix were properly 
mixed in chloroform to obtain optimized mass profiles. The mixture was dried 
on a sample plate with vacuum evaporation, and the dried samples were 
desorbed and ionized by a 337-nm nitrogen laser (MNL100, Lasertechnik 
Berlin, Germany) with an accelerating voltage of 20.0 kV and laser power of 
5.0~8.5 μJ. Each spectrum was acquired by focusing 20 laser shots on each 
spot and 10 different spots were averaged.  
 
Optical characterization. Fourier transform infrared (FT-IR) spectra of the 
samples were acquired using a Bruker VERTEX 70V spectrometer. The 
 
58 
Raman spectra were recorded using a LabRam HV Evolution system 
equipped with a 514.5-nm Ar-ion laser. The optical absorption spectra were 
obtained using a CARY 5000E UV-VIS-NIR spectrophotometer. 
 
 
Solution NMR characterization. Nuclear magnetic resonance (NMR) 
spectra were recorded on a Bruker Avance III Spectrometer operating at 1H 
and 13C frequencies of 500.000 MHz and 125.721 MHz. The sample 
temperature was set as 298.15 K. Fast cooled ex situ aliquots were measured 
without any treatment to avoid losing original information. All samples were 
dissolved in deuterated chloroform. 
 
TEM characterization. Graphene grown on a Cu foil by CVD (chemical 
vapour deposition) was placed on a Quanntifoil Au holey carbon grid with a 
hole size of 1.2 μm. The Cu substrate was etched with 0.1 M aqueous 
ammonium persulfate solution. The graphene TEM grids were dried at 80 °C 
overnight and then the cluster solutions were dropped onto the grids. 
Aberration-corrected transmission electron microscopy (TEM) images were 
obtained with a TITAN G2 at an acceleration voltage of 80 kV.  
 
In situ X-ray scattering measurement & processing. Synchrotron in situ 
SAXS/WAXS measurements were conducted at the PLS-II 9A U-SAXS 
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beamline of Pohang Accelerator Laboratory (PAL), Korea. The X-rays from 
the in-vacuum undulator (IVU) were monochromated using Si(111) double 
crystals and focused at the detector position using K-B-type mirrors (the beam 
size was 30 μm × 290 μm (V × H)). The scattering patterns were recorded 
with a 2D CCD detector (Rayonix SX165), and the X-ray irradiation time was 
5 s depending on the saturation level of the detector.  
For SAXS, the scattering angles were calibrated by a pre-calibrated TiSBA 
(1st peak at 0.06521 Å-1). The sample-to-detector distance was about 2.0 m. 
For WAXS, the scattering angles were calibrated by a pre-calibrated sucrose 
(Monoclinic, P21, a = 10.8631 Å, b = 8.7044 Å, c = 7.7624 Å, β = 
102.938o),[42] and the sample-to-detector distance was about 510 mm. 
For the in situ experiment, iron-oxo-oleate and primary alcohol were mixed 
in the same ratio as that in the iron-oxo cluster synthesis and degassed in a 
vial. The prepared solution was injected into a 1.5-mm quartz capillary tube 
placed on a heating block. Each experiment was measured at different 
scattering angles (SAXS or WAXS), aging temperatures, and alcohol chain 
lengths. The scattering intensities acquired at the SAXS region 
( 0.015 ~ 0.4q   Å-1) were subtracted by background intensity of excess 
solvents (1-decanol or diphenyl ether). AUTORG macro was applied to 
determine the radius of gyration for each subtracted scattering intensity.[43] 
The scattering intensity measured within the WAXS region ( 2.2 ~ 2.8q  Å-1) 
can be expressed as the summation of 3rd degree polynomial and the Gaussian 
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distribution.[44] Here, 3rd degree polynomial refers to the continuously 
changing background intensity of the solvents and capillary tube. The 
intensity of the Gaussian distribution originates from the iron oxide 
nanoparticles.  
3 2 2 2( ) exp( ( ) / 2 )
0 0
I q aq bq cq d I q q         
 
Computational details. The first-principles calculations based on the spin-
polarized density functional theory[45] were performed with the Vienna Ab-
initio Simulation Package (VASP) using a projector-augmented-wave (PAW) 
method.[46] The exchange correlation energy functional was employed with 
the generalized gradient approximation (GGA) in the Perdew–Burke–
Ernzerhof scheme,[47] and the kinetic energy cutoff was set as 400 eV. A 
geometrical optimization of the iron-oxo complexes was carried out until the 
Hellmann–Feynman force acting on each atom was less than 0.01 eV/Å. To 
remove spurious interactions between periodic images due to periodic 
calculations by the long-range Coulomb interaction, a vacuum distance of 15 
Å was considered between the molecules.  
The formation energy of the iron-oxo complexes was calculated by the 
following definition:  
2 2O Hbulk graphene
Fe-oxo Fe Fe C C O O H H( )E N E N E N E N E         , where Fe-oxoE  , 
bulk
FeE  , 
graphene
CE  , 
2O
OE  , and 
2H
HE   denote the total energy of the iron-oxo 
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clusters, the total energy per Fe in a bcc Fe, the total energy per C in a 
graphene, the total energy per O in an O2 molecule, and the total energy per 
H in a H2 molecule, respectively. FeN  , CN  , ON  , and HN  denote the 






Figure 2.2 MALDI-TOF MS of iron-oxo-oleate synthesized in air (black) and 




2.3 Results and discussions 
2.3.1 Characterization of Iron-Oleate Complex 
We study the complete growth process of the formation of iron oxide 
nanoparticles from iron-oleate precursors. The oleate ligands strongly bind to 
the metal center of the precursors and passivate the surface of the growing 
nanoparticles. Since the energetics of precursors determines the chemical 
transformation in the early stage, identification of precursor structure is a 
prerequisite for understanding the initiation of the reaction. We first 
characterized the iron-oleate complex by MALDI-TOF MS, Fourier 
transform infrared (FT-IR), and near-infrared spectroscopies.  
MALDI-TOF MS is a powerful tool to characterize the exact molecular 
weight of metal-ligand complexes with minimal molecular fragmentation. 
The mass spectrum of the iron-oleate complex, which was synthesized from 
the reaction of iron chloride hexahydrate and sodium oleate, shows two main 
peaks (m/z = 1872 and 1591) in the high-mass region as shown in Figure 2.3a. 
Isotope calculation of the main peak at m/z = 1872 confirms that the chemical 
structure of the iron-oleate complex is [Fe3O(C17H33COO)6]
+, which we refer 
to as tri-iron-oxo-carboxylate complex (Figure 2.3b). The six coordinating 
oleate groups are further verified by comparing the molecular weight of the 
iron-oleate (m/z = 1872) with those of iron-stearate (m/z = 1884) and iron-
linoleate (m/z = 1860) complexes, which show differences of +12 and –12 
 
64 
Da, respectively. Given that stearate (MW = 283.27 Da), oleate (MW = 
281.25 Da), and linoleate (MW = 279.23 Da) have similar structures with a 
molecular weight difference of 2 Da of the two hydrogen atoms consecutively, 
the measured difference of 12 Da indicates that all the complexes contain six 
ligands (Figure 2.3c). Another main peak at m/z = 1591, with a difference 
corresponding to the mass of oleate ions, originated from the fragments of the 
iron-oleate complex during the measurement. TOF-TOF analysis further 
supports that the parent iron-oleate peak (m/z = 1872) can be broken into 
another main peak (m/z = 1591) (Figure 2.3d). It is noteworthy that a 
coordinated structure with six long-chain carboxylates are consistently 
observed regardless of the chemical structures of the ligands.  
The presence of tri-iron-oxygen center in the iron-oleate complex is 
supported by various spectroscopic measurements, which have been 
commonly used to characterize various metal carboxylates containing metal-
oxo centers.[48-58] The triangular structure strongly absorbs near-infrared light 
at 935 nm (Figure 2.3e). This absorption band is assigned to the 6A1g to 
4T1g 
electron transition in the pseudo-octahedral Fe3+ ion.[51,52] A similar structure 
having a shorter carboxylate chain presents a comparable absorbance at 965 
nm. On the contrary, iron chloride, which does not contain a metal-oxygen 
center, barely absorbs near-infrared light (800–1300 nm). The vibrational 
mode of Fe3O is observed at approximately 600 cm
-1 in the IR spectrum 
(Figure 2.4). The wavenumber for this absorption is consistent with the 
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previous report on trinuclear-oxo-carboxylate complexes.[53] The binding 
nature of carboxylate ligands within the complex can be verified by 
comparing the wavenumber difference between the symmetric and 
asymmetric vibrations of the carboxyl group.[55] The wavenumber difference 
of 160 cm-1 indicates that the oleate ligand is bound to iron in the bridging 
mode. As a control experiment, the vibration peaks of sodium oleate are 
confirmed as 1560 cm-1 and 1447 cm-1, which represent the ionic binding 
mode. The comparison of the FT-IR spectra of iron-oleate complex and 
sodium oleate reveals that the peaks at 1520 cm-1 and 1420 cm-1 (shoulder) 
originate from the asymmetric vibration of non-bridging ionic oleate that 
binds to the iron-oxo-oleate complex (Figure 2.5).[56] The direct bonding 
states of iron ions and oleate ligand induce distinct changes in the NMR 
spectrum (Figure 2.6 and 2.7). Carbons and hydrogens, which have 2-bond 
distance from the iron ions, should not appear in ordinary NMR spectra 
because paramagnetic iron ions can affect the magnetic resonance of nearby 
atoms.[57,58] In the 1H NMR spectrum, hydrogens, which are bonded to the α-
carbon of the oleate group, are expected to shift downfield. In the 13C NMR 
spectrum, the carboxyl carbon is expected to shift downfield, while the α-
carbon is shifted upfield. 
In the structure of iron-oleate complex, three iron ions are bound to the 
central μ3-oxygen, and six carboxylates bridge the iron ions as illustrated in 




been reported as a stable triangular structure.[27,49-52,56,57] Overall chemical 
composition of iron-oxo-oleate is proposed as 
[Fe3O(C18H33O2)6]
+(C18H33O2)
–(C18H33O2H)2(H2O)3 based on elemental 
analysis (Table 2.2). 
Consistent occurrence of iron-oxo-oleate is also observed during the 
formation of iron oxide nanoparticles from different iron precursors including 
iron chloride (FeCl3), iron acetylacetonate (Fe(acac)3) and iron nitrate 
(Fe(NO3)3). When high enough temperature is applied to activate the 
precursor salts to be decomposed, the peak patterns from the two different 
mixtures (Fe(acac)3 + oleic acid and Fe(NO3)3 + oleic acid), shown in Figure 
2.3f, are nearly identical to that of iron-oleate complex synthesized using 
FeCl3. The common appearance of trinuclear-oxo-oleate in several synthetic 
pathways confirms the structural stability and similarity of the events at the 
early stage of the synthesis. We could elucidate the structure of iron-oleate 
precursors, which are generally used for the synthesis of iron oxide 
nanoparticles. Our findings demonstrate that the iron-oleate precursor is not 
a complex containing a single metal atom center, but a cluster with three irons 





Figure 2.3 Characterization of iron-oxo-oleate complex. (a) MALDI-TOF 
mass spectra of iron-oxo-oleate complex. Main peaks iron-oxo-oleate are 
assigned in the mass spectra. (b) Isotope calculation of the main peak at m/z 
= 1872. (c) MALDI-TOF mass spectra of iron-oxo-carboxylates having 
different numbers of double bonds in the ligand. (d) TOF-TOF mass spectrum 
of [Fe3O(oleate)6]
+ (m/z = 1872). (e) Near-infrared absorption spectra of iron 
complexes. Absorption wavelength and extinction molar coefficient are 
presented in Table 2.1. (f) Emergence of iron-oxo-oleate complex in mass 





































[L mol-1 cm-1] 
12.8 22.8 0.132 
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Table 2.2 Elemental composition measured by ICP-MS and elemental 





Elements Experimental Calculated 
Fe 5.96% 6.04% 
C 70.50% 70.18% 
H 11.08% 11.09% 





2.3.2 Continuous Growth Mechanism of Iron Oxide Nanoparticles 
We studied the formation process of iron oxide nanoparticles from the iron-
oxo-oleate complexes by using NMR spectroscopy, MALDI-TOF MS, and 
aberration-corrected TEM. Briefly, the reaction rate is controlled to be slow 
by keeping the temperature below 200 °C to allow a time-series analysis of 
the ongoing reaction and avoid complications that might occur at high 
temperatures (Figure 2.8).[59] 1-Decanol is used for multiple purposes 
including a solvent and a reaction promotor.[39] 
When the iron-oxo-oleate complex is reacted with an excess amount of 1-
decanol at 100 °C, the solution gradually turned to dark brown from reddish-
brown. The products of this reaction are tracked by NMR spectra to 
investigate the reaction mechanism. Two strong peaks (δH = 4.06, 2.29) that 
correspond to ester group are observed in the NMR spectra (Figure 2.9a). The 
ester peaks presumably originate from decyl oleate, which is produced from 
the esterification of 1-decanol and the oleate group in the iron-oxo-oleate 
complex. The presence of decyl oleate from the beginning of the reaction 
indicates that the formation of nanoparticles is initiated by the esterification 
reaction of the ligands strongly binding to the tri-iron-μ3-oxygen core. NMR 
and LC-MS analyses of the byproducts from the reaction mixture also 
confirm that decyl oleate is produced from the esterification reaction (Figure 
2.10 and 2.11). The extent of reaction is quantitatively analyzed by comparing 
the integration of NMR peaks for hydrogen adjacent to the ester group using 
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hydrogen bound to the C=C double bond of the oleate group as a reference, 
which remains constant throughout the reaction (Figure 2.9a–c). The 
continuous increase in peak intensity of the hydrogen adjacent to the ester 
indicates prolonged proceeding of the esterification. In addition, shorter 
ligands are introduced to investigate the steric effect of ligands of iron-oxo-
clusters on the rate of esterification (Figure 2.12). The esterification reaction 
with shorter ligands (C8) is expedited by 1.15 times than that with longer 
ligands (C18), indicating that the reaction between the precursor and alcohol 
can be controlled by regulating the steric hindrance of ligands. The 
esterification reaction is important at the initial phase of the nanoparticle 
formation as it can result in the activation of a metal center by removing the 
carboxylate ligands and generating hydroxyl groups.[23,60,61]  
The reaction mechanism can be more specifically investigated by using 
MALDI-TOF MS, which is suitable for tracing the size distribution of 
nanomaterials of < 5 nm (Figure 2.9d–f, 2.13).11 At the very early stage, when 
carboxylate ligands of iron-oxo-oleate react with the alcohol, various 
populations of iron-oxygen species containing different numbers of metal 
centers emerge in the mass spectra. Particularly, the evolution of Fe2, Fe4, Fe5, 
and Fe6 species is noticed after the onset of esterification (Figure 2.13a,b, and 
Table 2.3). The formation of Fe2, Fe4, and Fe5 implies that a portion of the 
trinuclear-oxo cluster is decomposed into smaller activated units after 
esterification, which can, in turn, form larger units by attaching to 
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undecomposed trinuclear-oxo clusters. To support the suggested growth 
pathway, the stability of the growing iron-oxo clusters are examined by 
density functional theory (DFT) calculations. In DFT calculations, the metal-
oxo core and carboxylate binding groups of the surface ligands are only 
introduced as they are the major contributors to the energy of the iron-oxo-
complexes. The initial structures of different iron-oxo-complexes with an 
increasing number of metal ions, i.e., Fe3O, Fe4O2, Fe5O2, and, Fe6O3, are 
chosen based on our MS analysis and geometrically optimized to calculate 
the energy of complex formation and ligand binding (Figure 2.13b and 2.14). 
The formation energy of iron-oxo-complexes with surface ligands presents a 
decreasing tendency as the size of the complexes increases (Figure 2.13d), 
otherwise shows an increasing tendency without surface ligands (Figure 
2.13c). In addition, the calculated binding energy of the carboxylate ligands 
on the iron-oxo core is distinctly larger than that of other types of surface 
ligands (Figure 2.13e).[23,28-30,62,63] These results show that the strongly 
binding ligands reduce the formation energy of intermediate complexes, 
driving the pathway with a continuously increasing number of metal ions 
(Figure 2.1d).[39] 
Subsequently, through the aging process, these small iron-oxygen species 
gradually grow to large-sized clusters and eventually into nanoparticles 
typically observed in the synthesis of iron oxide nanoparticles, as presented 
in Figure 2.9e. The continuous removal of oleate ligands by esterification 
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(Figure 2.9b) occurs simultaneously with continuous growth of nanoparticle 
from the starting tri-iron-μ3-oxygen clusters. Iron-oxygen core can be 
gradually grown into larger species by condensation between hydroxyl 
groups of the iron-oxo clusters, which is formed after esterification of oleate 
ligands. Since the rate of the condensation of hydroxyl groups on the 
transition metal cores is fast enough,[64] the rate of continuous growth of iron 
oxide nanoparticles highly depends on the rate of esterification. The 
temperature-dependent 1H NMR measurement shows that the rate of 
esterification is positively proportional to the temperature (Figure 2.9c). The 
temporal profile of the most dominant mass also reveals a similar pattern to 
that of the temperature-dependent rate of esterification (Figure 2.9f). It is 
noteworthy that continuous with the absence of distinct nucleation, is 
universally observed over a broad temperature range from 100 °C to 140 °C 
(Figure 2.15, 2.16, and 2.17).  
Continuous growth can also be examined by TEM characterization of 
sample aliquots taken during aging at 140 °C (Figure 2.18a–c). Samples for 
TEM analysis are prepared on graphene substrates. Because of its high 
electrical and thermal conductivity, graphene substrate can minimize the 
electron beam effect during the TEM characterization.[65,66] Additionally, 
graphene minimizes the scattering of incoming electron beam, thereby 
improving the contrast of small clusters.[16,67] In the early stage of the reaction 
(0 h), clusters with 3 to 10 atoms are observed (Figure 2.18a and 2.19), and 
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the number of atoms per cluster increases with reaction time (Figure 2.18b 
and 2.20). The clusters grow into small-sized nanoparticles (1.5–2.5 nm) after 
aging for 24 hours (Figure 2.18c and 2.21). The TEM images of the iron-oxo 
clusters and iron oxide nanoparticles are consistent with the mass spectra, and 
both characterization datasets reveal continuous growth from molecular 
clusters to solid oxide nanoparticles without distinct nucleation.  
The continuous growth mechanism is confirmed in the ensemble level by 
in situ X-ray scattering measured at different angles. In situ X-ray scattering 
technique has been frequently used for real-time observation of nucleation 
and growth processes.[21,45,68-70] At a small-angle regime, iron-containing 
compounds are the dominant scattering species, which have a high relative 
scattering length density with respect to background solvent. Guinier plot is 
applied to derive the radius of gyration of iron-containing species, as it can 
suggest dynamic changes in ensemble in the system. A gradual increase in 
radius of gyration is observed, consistent with the observations from other 
measurements, indicating the continuous growth of iron-oxo clusters induced 
by esterification (Figure 2.22a,b). Moreover, the radius of gyrations acquired 
from Guinier plots show temperature dependency, as confirmed from NMR 
spectroscopy and MALDI-TOF MS (Figure 2.22c). X-ray scattering at the 
wide-angle regime includes crystallographic information of emerging iron 
oxide nanoparticles. The growth of clusters into nanoparticles is verified by 
the gradual appearance of the (311) lattice plane of iron oxide nanoparticles 
 
79 
(Figure 2.22d,e). Sharp scattering peaks of the nanoparticles synthesized at 
high temperatures show that the crystal domain size of the product increases 
with increasing reaction temperature (Figure 2.22f).  
NMR spectroscopy, mass spectrometry, electron microscopy, and X-ray 
scattering techniques provide consistent results supporting continuous growth 
from trinuclear-oxo clusters into larger iron-oxo clusters followed by the 
formation of iron oxide nanoparticles. Based on these characterization results, 
we suggest a new growth mechanism, a continuous growth model, which is 
induced by the controlled organic reaction between the strong binding ligands 
on the clusters and added alcohol in the solution. The continuous growth 
dominates the overall reaction process from trinuclear-oxo clusters to large-
sized iron-oxo clusters, and then to iron oxide nanoparticles (Figure 2.1). This 
controlled reaction pathway can be understood in the similar context of the 
non-hydrolytic sol-gel chemistry. At first, the controlled alcoholysis of 
trinuclear-oxo clusters forms hydroxyl groups on the trinuclear-oxo clusters. 
The trinuclear-oxo clusters containing reactive hydroxyl groups are 
condensated into intermediate iron-oxygen species, which have distinct 
numbers of iron (i.e., Fe2, Fe4, Fe5, and Fe6). These intermediate species grow 
into continuously profiled iron-oxo clusters from continuous supply of 
reactive clusters. Eventually, the nanoparticles gradually appear from the 
continuously growing iron-oxo clusters. This mechanism implies that the 
nucleation step is not distinct during the formation of the iron oxide 
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nanoparticles studied in this report, whereas it is normally observed in the 
formation of many other types of nanoparticles as a prior stage to the growth 
regime. We believe that the absence of a distinct nucleation stage can be 
justified by the thermodynamic stability of the intermediate clusters 
regardless of their sizes due to the strong binding carboxylate groups, and the 






Figure 2.8 Thermogravimetric analysis (TGA) curve of iron-oxo-oleate 
measured at different temperatures. TGA confirms that the thermal 





Figure 2.9 Evidence of continuous growth from the precursor to iron-oxo 
cluster at 100, 120, and 140 °C. (a) Change in 1H NMR acquired from ex situ 
samples at 100 °C for 7 days. Strong peak observed at 3.6 ppm is assigned to 
hydroxyl hydrogen of 1-decanol. (b) Change in relative integral of ester at 
100 °C for 7 days. (c) Change in relative integral of ester at different 
temperatures for 1 day. (d) Change in mass spectra at 100 °C for 7 days. (e) 
Change in mass of maximum intensity at 100 °C for 7 days. (f) Change in 
mass of maximum intensity at different temperatures for 1 day. Average and 




Figure 2.10 1H NMR spectra of crude product, washing residue, and final 












Figure 2.12 Kinetics of continuous esterification starting from iron-oxo-
oleate (black) and iron-oxo-octanoate (red). Absolute quantification of 1H 
NMR is applied to acquire both plots. At the same temperature, 100 oC, 
continuous growth of iron-oxo clusters starting from iron-oxo-octanoate is 





Figure 2.13 Change of mass spectra and relative formation energy at the early 
stage of esterification. (a) Mass spectra of iron-oxo-oleate (black), and ex situ 
aliquot at the early stage of esterification. (b) Detailed assignment of mass 
spectra: Fe4 (orange), Fe5 (blue), Fe6 (green) species (see also Table 2.3). (c-
e) Relative formation energy of iron-oxygen-core, iron-oxo-clusters and 
binding energy of acetate ligands bound to iron-oxygen-core are estimated by 
DFT calculation. (c) Relative formation energy of iron-oxygen core. The 
formation energy of Fe3O core is set as zero. (d) Relative formation energy of 
iron-oxo-clusters. The formation energy of Fe3O complex is set as zero. (e) 
Binding energy of ligands. The binding energy of ligands is calculated by 





Figure 2.14 Theoretically derived structures of (a) Fe3, (b) Fe4, (c) Fe5, and 











Figure 2.16 Mass spectra at 140 °C aging condition. After enough aging time, 
sub-nanometre iron-oxo clusters continuously grow into iron oxide 







Figure 2.17 Mass spectra of iron-oxo clusters synthesized for 1 day at 
different temperatures. Final mass distributions show distinct effect of 





Figure 2.18 TEM images of iron-oxo clusters acquired from ex situ samples 
at 140 °C. (a) 0 h; (b) 4 h; and (c) 24 h aging. TEM images of iron-oxo clusters 
are presented in Figure 2.19, 2.20 and 2.21. TEM image of bare graphene 





Figure 2.19 TEM image of iron-oxo clusters acquired from ex situ samples 
at 140 °C 0 h. 
 




Figure 2.20 TEM image of iron-oxo clusters acquired from ex situ samples 
at 140 °C 4 h. 
  




Figure 2.21 TEM image of iron-oxo clusters acquired from ex situ samples 
at 140 °C 24 h. 
  
1 0  n m
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Figure 2.22 Confirmation of continuous growth by in situ X-ray scattering 
and X-ray diffraction. (a) Temporal evolution of small-angle X-ray scattering 
signals of iron-oleate precursors in 1-decanol solution. The reaction 
temperature is kept at 160 °C. (b) Change in radius of gyration derived from 
Guinier plot from the signals in panel (a). (c) Change in radius of gyration at 
different aging temperatures. (d) Temporal evolution of wide-angle X-ray 
scattering signals of the reacting solution at 160 °C. (e) Change in peak center 
and intensity of scattering peaks in panel (c). (f) X-ray diffraction patterns of 
final products synthesized at different aging temperatures. The broad 









Figure 2.23 TEM image of graphene substrate loaded without any sample. 
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Table 2.3 Assignment of peaks shown in Figure 2.13b. Representative peaks of iron-oxo-oleate are shown in black. Peaks that dramatically 
emerged after esterification are shown in red. Peaks whose intensities distinctly increased after esterification are shown in green. 
 
 955 1591 1645 1661 1716 1732 1872 1927 1943 2015 2086 2208 2224 
Iron 2 3 4 4 5 5 3 4 4 5 6 4 4 
Oxygen 0 1 1 2 2 3 1 1 2 3 4 1 2 
Oleate 3 5 5 5 5 5 6 6 6 6 6 7 7 
 
 2280 2296 2353 2368 2424 2440 2563 2579 2635 2650 2706 2722 2794 
Iron 5 5 6 6 7 7 5 5 6 6 7 7 8 
Oxygen 2 3 3 4 4 5 2 3 3 4 4 5 6 
Oleate 7 7 7 7 7 7 8 8 8 8 8 8 8 
 
 2844 2860 2916 2932 2988 3004 3194 
Iron 5 5 6 6 7 7 6 
Oxygen 2 3 3 4 4 5 3 






In this work, we elucidate that the continuous growth of iron-oxo-
complexes into iron oxide nanoparticles is regulated by the strong binding 
between the metal-oxo-core and carboxylate ligands. The molecular structure 
of iron-oleate precursors and their entire growth trajectories are extensively 
verified by a combination of characterization methods and theoretical 
calculation. As the synthetic processes for various metal oxide nanoparticles 
are analogous to that we studied using metal-oleate complexes as starting 
precursors, the continuous growth process proposed in this work extends 
insights into the formation mechanism of various other metal oxide 
nanoparticles. 
 
** Studies on this part was written based on the work conducted with Byung 
Hyo Kim (Co-first authors) which was reported on Journal of the American 
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Chapter 3. Cd12Ag32(SePh)36: Non-Noble Metal Doped 
Silver Nanoclusters 
** Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 8422–8425. 
Copyright 2019 American Chemical Society. 
3.1 Introduction 
 
Ligand stabilized few-atom (tens to hundreds) nanoclusters (NCs) of metals 
such as Au, Ag and Cu have gained much attention in recent years for their 
intriguing properties, including photoluminescence (PL), optical activity, 
catalysis, and size- and structure-conversion.[1-4] The NCs (typical size <3 nm) 
bridge the gap between the metal-ligand complexes and nanoparticles (NPs, 
size ˃3 nm). Unlike the classical NPs with large size and composition 
distributions, the NCs are truly single-sized with precise molecular formulae. 
Thus, NCs are the potential candidates to gain fundamental insights into the 
evolution of optical and catalytic properties of materials from discrete atomic 
to molecular levels.[5-8]  
Since the first report on the X-ray crystal structure of ligated Au102 cluster,
[9] 
several Au, Ag and their heteroatom doped NCs have been synthesized and 
atomic structures determined.[1-3,10] The size, structure and composition are 
shown to influence the cluster properties significantly. The former two are 
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generally directed by the choice of ligands.[1-3,11] The common ligands used 
to attain different clusters are thiols, selenols, alkynyls, halides, hydrides, 
phosphines or their combinations,[1,2,12-17] in which selenols are rarely used 
for stabilizing Ag clusters.[18,19]  
Another path to modulate the cluster properties is by modifying the metal 
composition through substitutional doping with heteroatoms.[20,21] The doped 
NCs exhibit enhanced properties compared to undoped ones owing to 
synergistic effects.[4,22,23] The dopants incorporated into Au and Ag NCs are 
mostly the noble metals such as Pd and Pt due to their close atomic 
diameters.[1,20] In contrast, doping a noble metal NC with a non-noble metal 
such as Cd is challenging largely due to mismatch in their atomic sizes and 
standard reduction potentials. Recently, several Cd doped Au NCs were 
synthesized by post-synthetic modification processes,[24-27] while those of Ag 
remain unexplored. 
Here, we report a novel synthetic method for the non-noble metal doped 
Ag NCs by a phosphine assisted process. Specifically, by using 
triphenylphosphine (PPh3) as an assisting ligand and Cd as dopant, we 
successfully synthesized a selenophenolate stabilized Ag NC, 
Cd12Ag32(SePh)36. The details of its synthesis (Figure 3.1) and purification 
procedures are provided in the Experimental section. The single crystals of 
NCs were grown (Figure 3.2) by the vapor diffusion of n-pentane into a DCM 




Figure 3.1 The digital photographs describing the synthesis of 
Cd12Ag32(SePh)36 cluster. (A) The yellow, insoluble metal-selenolates formed 
from Cd2+, Ag+ and PhSeH in a solution of ethanol and DCM. (B) Dissolution 
of metal-selenolates as metal-selenolate-phosphine complexes after 
introducing PPh3 and TOAB. (C) A dark solution of Cd12Ag32(SePh)36 clusters 
formed after borohydride reduction of metal-ligand complexes.     
  
Cd(NO3)2.4H2O + AgNO3 + PhSeH
PPh3+TOAB (i) NaBH4
(ii) Stir for 24 h





Figure 3.2 An optical microscopic image of the single crystals of 
Cd12Ag32(SePh)36 clusters, which are grown by the vapor diffusion of n-







Chemicals. The following chemicals and solvents were purchased from 
various sources and used them without further purification. Cadmium nitrate 
tetrahydrate [Cd(NO3)2·4H2O], silver nitrate (AgNO3), triphenylphosphine 
(PPh3), tetraoctylammonium bromide (TOAB), tetrabutylammonium 
bromide (TBAB), sodium borohydride (NaBH4), trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB, ≥98%) and 
deuterated chloroform (CDCl3) were received from Sigma-Aldrich. 
Selenophenol (PhSeH, 98%, from Acros Organics), 4-fluorothiophenol (4-
FTP, 97%, from Acros Organics) and 2,4-dichlorobenzenethiol (2,4-DCBT, 
˃97%, from TCI) were purchased. Solvents, ethanol (EtOH, 99.9%), N,N-
dimethylformamide (DMF, 99%) and n-pentane (99%) were received from 
Samchun and dichloromethane (DCM, 99%) was acquired from Alfa Aesar. 
Synthesis of Cd12Ag32(SePh)36 nanoclusters. 20 mg of AgNO3 and 10 mg 
of Cd(NO3)2·4H2O were dissolved in 10 mL of ethanol by sonication after 
transferring them into a 50 mL three neck round bottom flask. To this solution, 
under magnetic stirring at 1000 rpm, 10 µL of PhSeH was added, resulting a 
yellow turbid metal-selenolates. Then, 20 mL DCM solution containing 100 
mg of PPh3 and 15 mg TOAB was dropped into the above solution. Within 
five minutes, the turbid metal-selenolates were dissolved through the 
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formation of metal-selenolate-phosphine (Ag-Cd-Se-P) complexes, 
producing a transparent solution. These metal-ligand soluble complexes were 
reduced with 10 mg of NaBH4 dispersed in 3 mL ethanol under argon 
atmosphere (Note: reduction in air resulted undesired plasmonic silver 
nanoparticles). The colorless solution turned orange, brown and deep black 
sequentially within 15 minutes, indicating the formation of nanoclusters. This 
solution was continuously stirred for 24 h at room temperature. After that, the 
solution was centrifuged and the supernatant was concentrated using a rotary 
evaporator. Once DCM was removed, the cluster precipitated out from the 
solution, which was collected by centrifugation at 5000 rpm for 5 minutes. 
This precipitate was repeatedly washed with ethanol to remove excess ligands 
if any. Finally, the synthesized product was completely dried under vacuum 




4- clusters were synthesized following literature reports.[28,29]  
Crystallization of Cd12Ag32(SePh)36 nanoclusters. About 2-3 mg of the 
dried Cd12Ag32(SePh)36 nanoclusters was dissolved in clean DCM (500 µL) 
and filtered using a syringe filter with a pore size of 0.22 µm. The filtrate was 
transferred into a 5 mL glass vial. This vial was placed inside a 20 mL glass 
vial that containing 2 mL of clean n-pentane. The large vial was capped and 
placed in a refrigerator at 5 °C. Due to the vapor diffusion of n-pentane into 
the DCM solution, the dark single crystals suitable for the single crystal X-
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ray diffraction (SCXRD) were observed after a week. 
UV-vis absorption spectroscopy. The UV-vis spectra of the solutions of 
nanoclusters were measured using a Cary 5000 UV-Vis-NIR 
spectrophotometer (Agilent). 
Photoluminescence (PL) spectroscopy. The PL and PL excitation (PLE) 
spectra of the solutions of nanoclusters were recorded using an FLS 980 
spectrometer (Edinburgh Instruments). The PL quantum yield (PLQY: 
~0.28%) of Cd12Ag32(SePh)36 cluster (in DCM) was calculated using the 
following expression with respect to [Ag44(4-FTP)30]
4- cluster.[29]  
ΦX = ΦST [𝐺𝑟𝑎𝑑(𝑋) ÷ 𝐺𝑟𝑎𝑑 (𝑆𝑇)] [(ηX)2 ÷ (ηST)2] 
Here, X and ST = Cd12Ag32(SePh)36 and [Ag44(4-FTP)30]
4- clusters, 
respectively; ΦST = QY of [Ag44(4-FTP)30]
4- i.e., 0.01% (in DMF); Grad = 
slopes of the absorbance versus PL area plots; η = refractive index of the 
solvent. 
Matrix-assisted laser desorption ionization time of flight (MALDI-TOF). 
Mass spectrometry was performed using a home-built MALDI-TOF 
instrument. The instrument was calibrated using calibrants, 3-aminoquinone 
(Mw = 144.17 Da), Y5R peptide (Mw = 990.08 Da), insulin (Mw = 
5735.6087 Da), and cytochrome C (Mw = 12361.97 Da. The analyte and 
DCTB matrix were properly mixed in DCM to obtain optimized mass profiles. 
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The mixture was dried on a sample plate with vacuum evaporation, and the 
dried samples were desorbed and ionized by a 337 nm nitrogen laser 
(MNL100, Lasertechnik Berlin, Germany) with an accelerating voltage of 
20.0 kV and laser power of 1.7-9.3 μJ. Each spectrum was acquired by 
focusing 200 laser shots on each spot. 
Nuclear magnetic resonance (NMR) spectroscopy. Liquid-state 1H and 31P 
NMR spectra were recorded using a Bruker Avance III 400 FT-NMR 
spectrometer by dissolving the desired samples in CDCl3. For understanding 
the role of phosphine in the nanoclusters synthesis using NMR, 500 µL 
solution from the reaction mixture was withdrawn at the desired times and 
vacuum dried.  
Scanning electron microscopy energy dispersive X-ray spectroscopy 
(SEM EDS). The FE-SEM images and EDS of Cd doped Ag cluster were 
obtained from JSM-7800F Prime microscope (JEOL, Japan). 
Thermogravimetric analysis (TGA). TGA of about 2 mg of single crystals 
of AgCd clusters was carried out using a SDT Q600 apparatus (TA instrument, 
USA) under Ar gas (50 mL/minute) in the temperature range of 50-1000 °C 
with a heating rate 10 °C/min.  
 
Inductively coupled plasma atomic emission spectroscopy (ICP AES). 
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The ICP AES was conducted on a Shimadzu (ICPS-8100) spectrometer. The 
samples were prepared by washing the single crystals of Cd12Ag32(SePh)36 
with ethanol followed by dissolving in DCM. This DCM solution was 
centrifuged and the supernatant was vacuum dried. The dry solid was digested 
with an acid mixture of concentrated HNO3 and HCl (1:3 vol:vol). 
Scanning transmission electron microscopy EDS (STEM EDS). A clean 
cluster sample in DCM was used to measure the STEM EDS using a JEOL 
EM-2010 microscope operated at 200 kV. 
Fourier transform infrared spectroscopy (FTIR). FTIR spectra of cluster 
film were recorded on a TENSOR27 (Bruker, Germany) spectrometer. 
Single-crystal X-ray diffraction (SCXRD). The diffraction data of 
Cd12Ag32(SePh)36 cluster were collected on an Agilent Technologies 
SuperNova system with Cu Kα radiation (λ = 1.54184 Å) at 100 K. All the 
data were processed using CrysAlisPro.[30] All structures were solved and 
refined using Full-matrix least-squares based on F2 with the program 
ShelXT[31] and ShelXL[32] within Olex2.[33] 
Computational details. We used density-functional theory (DFT) as 
implemented for real-space calculations in the code package GPAW.[34] The 
structural relaxations and the ground state electronic structure analysis were 
done in a 3D real-space grid with 0.2 Å grid spacing. The electron-electron 
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exchange-correlation (xc) effects were approximated by the PBE (Perdew-
Burke-Ernzerhof) xc-functional.[35] Structure optimizations were stopped 
when residual forces were below 0.05 eV/Å. The scalar-relativistic effects 
were included in the atomic setups of GPAW. The initial atomic structure was 
taken from the experimental crystal structure. Optical absorption and CD 
spectra were calculated with 0.25 Å grid spacing using linear response time-
dependent density functional theory (LR-TDDFT) in Casida formalism.[36] 
Spectra were calculated both for the experimental crystal structure and for the 
PBE-relaxed structure. Peaks and shoulders in the optical absorption spectra 
were analyzed by using dipole transition contribution maps (DTCM) using 
time dependent density functional perturbation theory (TD-DFPT).[37] The 
superatomic nature of the cluster was studied with Ylm-analysis by projecting 
the electron states to spherical harmonics centered at the center of the mass 
of the cluster.[38] Atomic charges were analyzed with the Bader method.[39] To 
estimate the emission wavelengths computationally, we relaxed the cluster in 
the excited singlet (S1) and triplet (T1) states with fixed electron state 
occupations. The emission energies E1, E2 were obtained from total energy 
difference to the singlet ground state (S0) in excited state geometries:  
E1 = E(S1) – E(S0,S) corresponding to 1134 nm and E2 = E(T1) – E(S0,T) 
corresponding to 1150 nm. 
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3.3 Results and discussions 
3.3.1 Structure of Cd-doped Ag clusters 
The single crystal X-ray diffraction (SCXRD) analysis reveals that the final 
product is a 44 metal atom cluster stabilized by 36 SePh ligands with a 
molecular formula, Cd12Ag32(SePh)36 (Figure 3.3). Clearly, the Cd atoms are 
located on the cluster surface. The cluster crystallizes in a triclinic system of 
P-1 space group (Table 3.1) and its unit cell comprises two NCs (Figure 3.4). 
No counterions were identified in the structure, indicating that the cluster is 
neutral. The detailed structural analysis (Figure 3.5) shows that the NC 
consists of a Ag28 core stabilized by four Cd3Ag(SePh)9 motifs. Further 
anatomy of the Ag28 core unveils a Ag4 tetrahedron (Figure 3.5A) at the center. 
The average Ag-Ag bond distance of 2.84 Å is close to that of the bulk Ag, 
indicating the strong Ag-Ag interactions in the NC. Six Ag atoms arrange 
nearly coplanarly to form a Ag6 facet with four triangles (Figure 3.5B). Such 
four Ag6 facets cap the four faces of Ag4 tetrahedron to form a structure shown 
in Figure 3.5C. The interfacet interactions through Ag-Ag bonding produce a 
Ag24 layer and it completely encapsulates the Ag4 tetrahedron, forming a two-
shell Ag4@Ag24 core (Figure 3.5D). Notably, the central Ag3 triangles of Ag6 
facets (placed exactly on top of the triangular faces of inner Ag4 core) are 
significantly elongated from the Ag4 core compared to other Ag-Ag bonds 
(Table 3.2).  
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In Cd3Ag(SePh)9 surface motif (Figure 3.5E), each Cd atom is tetrahedrally 
coordinated with four Se atoms of four SePh ligands. Totally, three Se atoms 
from three CdSe4 tetrahedrons bind with one Ag to form a AgSe3 cap-like 
structure, forming the Cd3Ag(SePh)9 motif. The capping of four 
Cd3Ag(SePh)9 motifs on four Ag6 facets of Ag28, through Se atoms that are 
unbound to motif Ag atoms, produces the total structure of Cd12Ag32(SePh)36 
cluster (Figure 3.5F). Notably, 12 and 24 Se atoms appear in µ-3 and µ-2 
bridging modes, respectively. All the four Cd3Ag(SePh)9 motifs are mounted 
over four triangular faces of inner Ag4 tetrahedron, and therefore, it imparts 
the tetrahedral shape to the final structure. A similar Ag28 core of our cluster 
is observed in [Cu12Ag28(SR)24]
4- cluster,[28] however with vividly different 
metal and ligand composition, electronic charge and the surface structure. 
The presence of Cd, Ag and Se in the cluster was supported by energy 
dispersive X-ray spectroscopy (Figure 3.6). The matrix-assisted laser 
desorption ionization mass spectrometry shows only a single high-mass peak 
at ~9.6kDa, indicating that the cluster is single-sized. This peak with lower in 
mass by ~0.7kDa compared to 10.3kDa for Cd12Ag32(SePh)36 may be due to 
the fragmentation often observed in the Ag clusters[11] (Figure 3.7). The 
formula of the cluster is further validated by the elemental analysis (Figure 
3.8). The thermogravimetric analysis shows a total weight loss of 54.5%, very 
close to a theoretical ligand weight of the cluster 54.0% (Figure 3.9). 1H 
nuclear magnetic resonance (NMR) spectrum of the cluster (Figure 3.10) 
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shows proton signals spread between 6-8 ppm for SePh protection,[12] which 
is also in agreement with the infrared analysis (Figure 3.11). The absence of 
H and P signals for PPh3 ligands, which were used during the cluster synthesis, 





Figure 3.3 The total structure of Cd12Ag32(SePh)36 cluster. H atoms of SePh 








Figure 3.4 Packing of Cd12Ag32(SePh)36 clusters in a unit cell, 
accommodating two clusters. Color legend: Cd, red; Ag, pink; Se: yellow; C, 






Figure 3.5 Construction of the structure of Cd12Ag32(SePh)36. (A) Ag4 inner 
core and (B) Ag6 facet. Capping of Ag4 core with Ag6 facets and interfacet 
interactions (purple arrows) result in C and D, respectively. Mounting of 
Cd3Ag(SePh)9 motifs (E) on the Ag28 core (D) gives the total structure of the 




















Figure 3.6 (A) SEM image of a small deformed single crystal of 
Cd12Ag32(SePh)36 cluster. (B-D) are the elemental maps of Cd, Ag and Se, 
respectively. (E) EDS spectrum, confirming the presence of above elements 
in the cluster, which is consistent with the cluster composition obtained by 
SCXRD data. 
  





Figure 3.7 (A) Positive mode MALDI MS of Cd12Ag32(SePh)36 cluster 
measured at different laser powers (1.7, 5.0 and 9.3 µJ). Inset of A, expanded 
view in the mass range of 1000-5000 Da, shows several peaks with a mass 
separation corresponding to AgSePh loss. This suggests that the cluster is 
fragile even at a threshold laser power of 1.7 µJ. (B) Expanded view of the 
spectra in A, showing a single peak for the cluster at ~9.6kDa at 1.7 µJ laser 
power, which upon shifted to ~8.0kDa by increasing the laser power to 9.3 






Figure 3.8 (A) STEM image, (B-D) EDS elemental maps, (E) EDS spectrum 
and (F) ICP AES elemental analysis of single crystal sample of 
Cd12Ag32(SePh)36 cluster. A close match of the Ag:Cd atomic ratio (2.66) in 
the Cd12Ag32(SePh)36 cluster with that from STEM EDS and ICP AES (2.68 





Figure 3.9 TGA curve of the single crystals of Cd12Ag32(SePh)36 cluster, 
displaying a total weight loss of 54.5% in agreement with the estimated 





Figure 3.10 (A) 1H and (B) 31P NMR spectra of CDCl3 solution of single 
crystals of Cd12Ag32(SePh)36 clusters. Sharp single peaks labelled with 
asterisk (*) at 7.26 and 5.30 ppm are due to residual solvents CHCl3 (from 
CDCl3) and CH2Cl2 (from single crystals of cluster), respectively. The 
absence of 31P signal in B and the presence of aromatic hydrogens (in between 
6-8 ppm) from SePh of the clusters are in good agreement with the single 





Figure 3.11 The FTIR spectrum of the Cd12Ag32(SePh)36 cluster, showing 






Table 3.1 Crystal data and structure refinement of Cd12Ag32(SePh)36 cluster. 
Empirical formula C216H180Cd12Ag32Se36 
Formula weight 10418.79  
Temperature/K 100.01(10) 
Crystal system triclinic 













Crystal size/mm3 0.05 × 0.05 × 0.01 
Radiation Cu Kα (λ = 1.54184 Å) 
2Θ range for data collection/° 6.732 to 122.338 
Index ranges -21 ≤ h ≤ 21, -22 ≤ k ≤ 20, -35 ≤ l ≤ 39 
Reflections collected 81562 
Independent reflections 39636 [Rint = 0.0603, Rsigma = 0.0676] 
Data/restraints/parameters 39636/1596/2617 
Goodness-of-fit on F2 1.077 
Final R indexes [I>=2σ (I)] R1 = 0.0631, wR2 = 0.1568 
Final R indexes [all data] R1 = 0.0742, wR2 = 0.1669 











Ag-Ag/within Ag4 inner core 2.834-2.863 2.8475 
Ag-Ag/(Ag4 tetrahedron-Ag24 layer) 2.673-3.156 2.8383 
Ag-Ag/(within the Ag24 layer) 2.805-3.160 2.9562 
Ag-Se/(Ag24 layer-Se) 2.575-2.640 2.6040 
Ag-Se/(within the ligand motif) 2.571-2.638 2.6000 
Ag-Cd/(within the ligand motif) 3.520-3.701 3.63 






3.3.2. Characterization and theoretical calculation of Cd12Ag32(SePh)36 
cluster 
The “superatom” theory[38] calculates a free metal electron count of 20 for 
Cd12Ag32(SePh)36 cluster i.e., [(12x2)+(32x1)–(36x1)] by considering the s-
valence of two for Cd and one for Ag as well as one-electron withdrawing 
character of the SePh ligand. This electron count predicts that the HOMO 
state and the molecular orbitals just below HOMO should have 1D-2S 
symmetries present in a spherical angular momentum analysis, and the 
LUMO state should have 1F character. This is indeed what we observe by 
performing symmetry analysis and inspecting visually the frontier orbitals 
(Figure 3.12, 3.13), although the HOMO has a mixed 2S-1F character 
probably due to the non-spherical symmetry of the metal core. Furthermore, 
atomic charge analysis (Table 3.3) shows that the Ag atoms in the Ag4Ag24 
shells are close to neutral, whereas the Ag and Cd atoms in the ligand motifs 
are clearly positively charged by 0.20 e and 0.66 e, respectively. The SePh 
ligands are shown as electron-withdrawing with a clear negative total charge 
by -0.28 e per ligand. 
The optical properties and electronic structure of Cd12Ag32(SePh)36 cluster 
were further studied both experimentally by UV-vis spectroscopy and 
theoretically by the linear response formulation of the time-dependent density 
functional theory (LR-TDDFT). The experimental absorption spectrum 
(Figure 3.14) displays clear peaks at 451, 534 and 640 nm along with shoulder 
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peaks at 245, 288, 335, and 493 nm. The absorption onset (Figure 3.15) at 
~900 nm (1.37 eV) is very close to the calculated HOMO-LUMO gap of 1.35 
eV, with a slight underestimation of the gap being a typical feature of the used 
DFT PBE xc-functional. The calculated absorption spectrum for both the 
experimental (Figure 3.15) and PBE-relaxed cluster structure show a good 
agreement with the experiment, with at least six peaks/shoulders identifiable 
in the computed spectrum (labels a–f). 
The absorption features a-f were analyzed by creating the dipole transition 
contribution maps and by breaking down the contributions by different parts 
of the cluster to a given transition (Figure 3.16). The lower energy peaks (a–
c) have all similar characters, namely they are superatom-to-superatom 
transitions concentrated in the Ag core (intraband Ag(sp)→Ag(sp) 
transitions). It is interesting to note that the energy difference between a and 
b peaks seems to be a direct measure to the energy splitting of the superatom 
1F manifold by the overall tetrahedral symmetry of the cluster (Figure 3.12). 
The high-energy features, d–f have increasing contributions also from the 
metal-ligand interface (mainly from Se(p)) and weakening contributions from 
the superatom states. We note that the Ag d-band is not actively participating 
to optical transitions in the analyzed and measured energy range, nor are the 
Cd atoms (since they are in the formal Cd(II) state). Interestingly, the 
Cd12Ag32(SePh)36 cluster shows a broad NIR PL (quantum yield: ~0.28%) 
peak at ~1020 nm (Figure 3.15), which is different from the visible PL of Ag 
 
137 
NCs.[2] The similar PL excitation and UV-vis spectra, and the same emission 
at 1020 nm for different excitations together (Figure 3.17) indicate that the 
PL is originated from the cluster. The PL of Cd doped Ag cluster at 1020 nm 
is clearly different from that of a Cu doped cluster at 900 nm,[28] suggesting 
the successful tuning of NIR PL by the non-noble metal doping (Figure 3.18). 
Theoretically estimated PL emissions at 1134 nm and 1150 nm are in 
qualitative agreement with the experiment (1020 nm), strongly suggesting 
that the origin of the high-energy end of broad PL is the de-excitation over 
the HOMO-LUMO energy gap.[40] The low-energy end of PL is likely 
resulted from the relaxation through an intrinsic Cd3Ag(SePh)9 surface state.  
The SCXRD shows that the two clusters in the unit cell are enantiomers 
(Figure 3.19) due to asymmetric Ag28 core. Since the solution of 
Cd12Ag32(SePh)36 is racemic, we cannot experimentally measure the chiral 
optical response, however, it can be straightforwardly calculated for one of 
the enantiomers. Our calculations predict that the strength of the chiral 
response in the UV-vis region (Figure 3.20) is comparable to, e.g., the well-
known thiolated chiral Au38(SR)24 cluster.
[41,42]  
We note the absence of PPh3 in Cd12Ag32(SePh)36 cluster (Figure 1), which 
could be synthesized only in the presence of PPh3 and tetraoctylammonium 
bromide (Figure 3.21) in our experimental conditions. The absorption spectra 
(Figure 3.22) suggest that the formation of Cd12Ag32(SePh)36 proceeds 
through the intermediate clusters formed after NaBH4 reduction of metal-
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ligand complexes. The 31P and 1H NMR spectra confirm the binding of PPh3 
in the metal-ligand complexes (Figure 3.23, 3.24). After NaBH4 addition, the 
PPh3 in the complex transfers the metals to form intermediates and 
subsequently released into solution, confirming PPh3-mediated synthesis of 
the Cd12Ag32(SePh)36 cluster. This cluster shows moderate and excellent 






Figure 3.12 Ylm-analysis of electronic states of Cd12Ag32(SePh)36 cluster 
using the experimental crystal structure. The projection is with respect to 
spherical harmonics around center of mass of the cluster. The central energy 
gap around zero (1.35 eV) is the HOMO-LUMO gap. The manifold of the 
states around the HOMO-LUMO gap shows symmetries of 1D (blue peaks), 
a mixed 2S-1F HOMO (red-purple peak), and 1F LUMO (purple), as labeled, 
consistent with 20 free metal electrons in the cluster as deduced from the 
superatom theory.[38] 
  
Figure 1: Ylm-analysis of electronic states of Ag32Cd12(SePh)36 cluster using the experimental 
crystal structure with a 1.35 eV HOMO-LUMO gap. Projection is with respect to spherical 
harmonics around center of mass of the cluster. 
Figure 2: Calculated optical absorption spectrum of Ag32Cd12(SePh)36 cluster using the experimental
crystal structure. Calculated spectrum is shifted by 0.3 eV to higher energies for better comparison 




Figure 3.13 Visualization of selected frontier orbitals of Cd12Ag32(SePh)36 




Figure 3.14 UV-vis absorption spectrum of Cd12Ag32(SePh)36 cluster. Inset 







Figure 3.15 Experimental (black) and calculated (blue) absorption spectra of 
Cd12Ag32(SePh)36 cluster. For easier comparison, the calculated spectrum is 









Figure 3.16 Dipole transition contribution map (DTCM) analysis of the s
ix lowest-energy linear absorption peaks/shoulders of Cd12Ag32(SePh)36 c
omputed by using the experimental crystal structure. Labels a–f correspo
nd directly to labels a–f in the computed spectrum in Figure 3.15. The e
lectron states are formed in the manifold of the initially unoccupied stat
es (leftmost and rightmost panels) and the hole states are formed in the 
manifold of the initially occupied states (topmost and bottom-most panel
s). The occupied – unoccupied electron densities of states (DOS) are pre
sented as a projection to atomic components (atom-projected DOS, APD
OS) as shown by the labels in panel a. Red/blue contributions denote co
nstructive/destructive contribution to the transition dipole, respectively. T
he brightness of the red/blue spots scales with the magnitude of contribu
tion. The dashed diagonal lines denote the electron-hole (e-h) energy eq





Figure 3.17 (A) UV-vis absorption, PL excitation (PLE) and PL emission 
spectra of Cd12Ag32(SePh)36 cluster in DCM. (B) An expanded view of the 
PL spectra (λexc: 750, 800 and 850 nm) in A, showing the appearance of PL 





Figure 3.18 Comparison of the UV-vis absorption and PL emission spectra 
of Cd12Ag32(SePh)36 and [Cu12Ag28(2,4-DCBT)24]
4– clusters in DCM. Inset: 
DCM solutions of above clusters, appearing nearly the same.  































































Figure 3.19 The crystal structure of Cd12Ag32(SePh)36 cluster, in which the 






Figure 3.20 Computed circular dichroism (CD) spectra of one of the 
enantiomers of Cd12Ag32(SePh)36 (red curve) and Au38(SCH2CH2Ph)24 (black 
curve, offset vertically for better visualization) clusters. Inset: the DFT 





Figure 3.21 (A and B) UV-vis absorption spectra of the final products 
synthesized under various conditions. These data clearly indicate the 


















































Figure 3.22 The UV-vis absorption spectra of the solutions recorded at 





Figure 3.23 31P NMR spectra of PPh3, colorless metal ligand complexes 
(before NaBH4 reduction), intermediates (formed immediately after NaBH4 
reduction) and pure Cd12Ag32(SePh)36 clusters. The release of PPh3 from the 
metal ligand complex after adding NaBH4 is identified by the disappearance 
of 31P peak at 4.19 ppm and its appearance at -5.12 ppm. This indicates the 
simultaneous metal transfer from the complex to form intermediates and the 





Figure 3.24 1H NMR spectra of PPh3, colorless metal ligand complexes 
(before NaBH4 reduction), intermediates (formed immediately after NaBH4 
reduction) and pure Cd12Ag32(SePh)36 clusters. After NaBH4 reduction, the 
release of PPh3 ligands into solution from metal ligand complex is consistent 
with 31P NMR results. Sharp single peaks labelled with asterisk (*) at 7.26 
and 5.30 ppm are due to residual solvents CHCl3 (from CDCl3) and CH2Cl2 




Figure 3.25 Monitoring the ambient stability of Cd12Ag32(SePh)36 clusters in 
(A) solution and (B) solid state using UV-vis spectroscopy. The spectra in B 
were acquired by dissolving the same cluster powder in DCM at desired time. 
Only a slight decrease in absorbance of cluster in solution state (A) suggests 





Table 3.3 Shell-by-shell atomic charges from the Bader analysis for 







1: Ag4 (inner core) 4 -0.130 -0.033 
2: Ag24 (outer core) 24 1.630 0.068 
3: Ag4 (motifs) 4 0.804 0.201 
4: Cd12 (motifs) 12 7.899 0.658 
5: Se (motifs) 36 -5.953 -0.165 






In summary, we designed a phosphine-assisted synthetic strategy to dope 
an atomically precise Ag nanocluster with a non-noble metal, Cd. By this 
method, we synthesized a single-sized neutral Cd12Ag32(SePh)36 cluster and 
elucidated its total structure using X-ray crystallography. The Cd dopant is 
found to prefer the cluster surface to its core. Our cluster exhibits NIR PL and 
a chiral core, resulting optical activity. The absorption spectrum and 
electronic structure of this cluster are well compared with those from the DFT. 
Our ligand-assisted synthesis of nanocluster may become a general method 
to introduce other active metals into noble metal clusters. 
 
** Studies on this part written based on the work conducted with Megalamane 
Siddarappa Bootharaju (Co-first author) which was reported on Journal of the 
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국문 초록 (Abstract in Korean) 
특정한 조성과 구조를 가진 나노입자를 합성하는 것은 나노입자
로 하여금 다양한 분야에서 응용이 가능하도록 기대할만한 물리화
학적 성질을 가지도록 유도할 수 있다. 합성하고자 하는 나노물질
이 점차 복잡해짐에 따라, 합성의 최적화를 보다 효율적으로 하고 
결과물의 성능을 개선하기 위해서는 전체 합성 과정에 대한 명확
한 이해가 필수적으로 선행 되어야한다. 기술이 발전함에 따라 나
노입자 합성 기작에 대해 자세히 조사한 연구들이 이뤄졌고, 그 
결과 나노입자 합성을 설명하기 위해선 비고전적 핵 형성 및 성장 
모델이 필수적이라는 것이 밝혀졌다. 이런 연구들에서 분자와 나
노입자 사이를 잇는 연결 고리로 볼 수 있는 나노클러스터들이 관
찰되었다는 사실도 주목해야한다. 본 학위 논문은 나노입자와 나
노클러스터의 합성 과정을 분석하고 분자 단위로 이해하는데 집중
하고 있다.  
먼저, 열 분해를 제한하여 산화철 나노입자의 합성을 섬세하게 
조절했고, 다양한 분석 기술을 적용하여 합성 과정을 면밀히 분석
했다. 그 결과 시작 단계의 전구체부터 나노입자에 이르기까지 합
성 과정에 대해 분자수준의 이해를 성공적으로 할 수 있었다. 산
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화철 나노입자 합성에 널리 쓰이는 전구체인 철-올레이트 복합체
는 산소 원자 1개가 철 원자 3개와 동시에 결합한 중심부를 가진 
클러스터 구조임을 확인했고, 이 복합체는 구분되는 핵 형성 과정
을 나타내지 않으면서 연속적으로 성장해서 1 나노미터보다 작은 
철-산소 클러스터, 더 나아가선 산화철 나노입자까지 커질 수 있
다는 것을 알 수 있었다. 원자 단위의 성장은 크게 두 가지 효과
로 인해 가능했다고 보인다. 리간드에 의한 철-산소 중심부의 안
정화가 열 분해가 제한된 환경에서 극대화 됐으며, 저온 반응 조
건에서 성장과정에서의 비수화 졸-겔 축합 반응이 제한적이었기 
때문이다. 다양한 산화물 나노입자 합성들의 유사성을 고려했을 
때, 이 연구에서 확인한 연속 성장 과정은 다른 산화물 나노입자
의 형성 메커니즘을 이해하는데 통찰력 있는 정보들을 제공할 것
으로 기대된다. 
둘째, 금이 아닌 귀금속 나노클러스터에서는 어려웠던 비 귀금
속이 도핑된 금속 나노클러스터를 추가 리간드를 넣어주는 방식으
로 성공적으로 합성했다. 포스핀을 추가 리간드로 넣어줌으로써 
카드뮴이 도핑 된 은 나노클러스터(Cd12Ag32(SePh)36)를 성공적으로 
합성했고, 이 나노클러스터는 특징적인 흡광과 근적외선 영역의 
발광을 나타냄을 확인했다. 이 클러스터의 구조는 4개의 
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Cd3Ag(SePh)9 표면 모티프가 비대칭성 Ag4@Ag24 금속 중심부를 둘
러싼 구조임을 X-선 단 결정 분석을 통해 밝혔다. 한편, 초원자 
이론과 시간에 따른 밀도 범함수 이론을 통해 나노클러스터의 전
자 구조를 확인했다. Cd12Ag32(SePh)36 클러스터는 20개의 전자로 
이뤄진 초원자로 볼 수 있으며, 이 물질의 이론적 키랄 광학 반응
성은 키랄 광학 반응성이 존재한다고 잘 알려진 Au38(SR)24 클러스
터와 비견할 정도임을 알 수 있었다. 본 연구에서 제안한 리간드 
보조 나노클러스터 합성은 다른 활성 금속을 귀금속 클러스터에 
도핑하는 새로운 방식으로 쓰일 수 있을 것으로 기대된다. 
 
주요어: 나노입자, 나노클러스터, 형성 기작, 분자 수준의 
이해, 질량 분석법. 
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